Heterogeneous catalysis is the enabling technology for much of the current and future processes relevant for energy conversion and chemicals synthesis. The development of new materials and processes is greatly helped by the understanding of the catalytic process at the molecular level on the macro/ micro-kinetic time scale and on that of the actual bond breaking and bond making. The performance of heterogeneous catalysts is inherently the average over the ensemble of active sites. Much development aims at unravelling the structure of the active site; however, in general, these methods yield the ensemble-average structure. A benefit of X-ray-based methods is the large penetration depth of the X-rays, enabling in situ and operando measurements. The potential of X-ray absorption and emission spectroscopy methods (XANES, EXAFS, HERFD, RIXS and HEROS) to directly measure the structure of the catalytically active site at the single nanoparticle level using nanometer beams at diffraction-limited storage ring sources is highlighted. The use of pump-probe schemes coupled with single-shot experiments will extend the time range from the micro/macro-kinetic time domain to the time scale of bond breaking and making.
Introduction
Synchrotron-based investigations of low-dimensional nanomaterial, such as nanoparticles, nanowires and architectures of active sites is a rapidly developing field. One important reason for the ever-growing number of emerging characterization methods is the increased use of nanomaterials for energy generation, conversion and storage, in the pharmaceutical industry, biomedical engineering and environmental science. In catalysis, for example, new methods of synthesis create peculiar architectures that comprise a large variety of shapes, sizes and structural and compositional habits of nanocatalysts (Roldan Cuenya, 2012) . These new capabilities in characterization and synthesis are paralleled by theoretical developments. This opens opportunities to rationally predict catalytic activity and selectivity by tailoring structure to the desired catalytic function.
Modern applications of synchrotron-based X-ray absorption (XAS) and emission (XES) spectroscopy methods of active site characterization are performed in situ, where the catalysts are studied under realistic temperature and pressure conditions Bordiga et al., 2013; de Groot, 2001; Singh et al., 2010a; Garino et al., 2014) . Often, their mechanism of work can be understood only if they are investigated operando, i.e. while working. This approach is particularly powerful because it correlates real time characterization of working catalysts with the corresponding changes in reactants and products measured simultaneously. XAS and XES probe the local structure in an element-specific manner. Complementary measurements, such as X-ray diffraction and vibrational spectroscopies, such as UV-visual light, IR and Raman, offer complementary information on the long-range order and that on intermediates (Stavitski & Weckhuysen, 2010; Bentrup, 2010) . Combining methods is essential for analysing complex multi-component systems (Frenkel et al., 2011 Bordiga et al., 2013) . In the last decade, the ability to characterize electronic states of the catalysts and their interactions with adsorbates has been dramatically improved due to the developments of new secondary emission and high-energy-resolution experiments (HERFD) (Hä mä lä inen et al., 1991; Safonova et al., 2006; Pushkar et al., 2007; Yano et al., 2005 Yano et al., , 2008 Glatzel et al., 2010) , resonant inelastic X-ray scattering (RIXS) (Glatzel et al., 2010; and high-energy-resolution off-resonant spectroscopy (HEROS) (Szlachetko et al., 2012; Kavčič et al., 2013) .
The developments in synthesis, characterization and modeling methods, accompanied by the advancements in firstprinciple theories to model X-ray absorption and emission spectra, offer high accuracy of structural refinement, sufficient to discriminate between the details of particle structure (e.g. cuboctahedral or icosahedral), shapes, support orientation and details of multi-metallic and multi-oxide compositions ) (e.g. core/shell, cluster-to-cluster or random alloy or oxide). The more accurate the structural methods become, the more obvious becomes their main limitation: artefacts due to the ensemble averaging (Yevick & Frenkel, 2010; Frenkel et al., 2013a) . In contrast to homogeneous and enzymatic catalysts, heterogeneous ones possess inherent structural heterogeneities due to the distributions of cluster sizes and shapes within the sample. Studies of the architecture and electronic properties of nanocatalysts by X-ray absorption are hindered by the ensemble-averaging nature of this technique, posing a real challenge when its results are compared with first-principles theories that investigate a 'representative catalytic particle or active site'. Time-resolution at the macrokinetic time scale, using, for example, gas switching, and at the ultrafast scale, using pump-probe, will yield relationships between performance on the one side and structure and structural changes that occur during individual reaction steps on the other. Operando studies at the single-nanoparticle level will allow the structure and electronic properties to be directly evaluated, and their relation to catalytic performance as probed in real time, in the same spectroscopy experiment. Diffraction-limited storage ring (DLSR) sources ultimately hold the promise to measure individual particles or parts of larger units and selectively detect the structure of a functioning catalyst in real time.
Single nanoparticle spectroscopy: in situ and operando
Optical spectroscopy experiments focused on characterizing single nanoparticles range from spatial modulation spectroscopy (Arbouet et al., 2004; Muskens et al., 2008) to the high spectral resolution flow spectroscopy (Sebba et al., 2009 ) to surface-enhanced Raman scattering (Nie & Emory, 1997 ) and single-molecule spectroscopy (Xu et al., 2008) . P. Chen's group used detection of fluorescence of catalytic products in fluoregenic reactions to provide the basis for real time studies of single nanoparticle catalysis at the single-molecule level (Xu et al., 2008 Zhou et al., 2009) . They discovered that colloidal Au nanoparticles of 6 nm in size (on the average) fall into two distinct groups, type-a and type-b, with respect to their catalytic properties of reducing resazurin to resorufin . It is the heterogeneity in distribution of Au nanoparticle sizes and shapes that was responsible for the two types of catalysts, presumably due to the different percentages of corner, edge and facet atoms . Catalytic activity measured on each particle type differs: type-a sites have stronger substrate binding with lower reactivity and typeb sites have weaker substrate binding with higher reactivity. This work demonstrated the benefit that single-nanoparticle spectroscopy offers in determining catalytic mechanisms and the limitations of the ensemble-averaging techniques that give only average values of relevant kinetic parameters.
2.1. X-ray spectroscopy at the single-particle level: current state of the art
The article by A. Hitchcock and M. Toney in this issue (Hitchcock & Toney, 2014) gives an overview of spectromicroscopy methods that include nanoprobe-based systems. An illustration of the capability of nanoprobe methods for spectroscopy studies of single nanoparticles is the work from Y. Chu's group from Brookhaven National Laboratory (BNL). They demonstrate that a composition of individual bimetallic nanoparticles (NPs) in the size range between 140 and 320 nm can be studied by X-ray fluorescence (Kang et al., 2013) . They used scanning multilayer Laue lens (MLLs) X-ray microscopy to study the oxidation process of individual PtNi nanoparticles. This experiment was performed at beamline 26ID of the Advanced Photon Source at Argonne National Laboratory. The smallest core size of the Pt/NiO core-shell NPs was $ 40 nm, and the scanning was performed with 10 nm step size and 30 nm focal spot size. The methods described by Y. Chu et al. will be used at the hard X-ray nanoprobe (HXN) beamline of the National Synchrotron Light Source II (NSLS-II) at BNL. Rodríguez et al. (2007) demonstrated that individual cobalt nanoparticles of the sizes $ 8 nm can be probed by XAS in a photoemission electron microscopy (PEEM) experiment. Significant variations in the shapes of the Co L 2,3 edges of the X-ray absorption spectra between different cobalt nanoparticles were detected ( Fig. 1 ) and attributed to different cobalt-oxygen interactions on a particle-by-particle basis. 
Challenges and limitations for catalytic investigations
The main challenge in the existing nanoprobe methods is to decrease the spot size to well below 10 nm while maintaining sufficiently high flux to probe individual nanoparticles of interest to catalytic applications. MLLs are a novel type of diffractive nanofocusing optics that are capable of achieving, in principle, such spot sizes and high efficiency in the hard X-ray range (Kang et al., 2013) . Another challenge is to enable energy scanning while maintaining the spot size and position. Current fluorescent imaging capabilities are based on selecting a particular X-ray wavelength for mapping the bimetallic composition within an individual particle but they are not generally sufficient for analysing the chemical state of each element usually done by XANES or the nature of structure and dynamics of its local environment from EXAFS data. Indeed, existing nanoprobe-based methods can be used predominantly for chemical speciation and, to a limited degree, reveal sensitivity to environmental effects (Rodríguez et al., 2007) . There is a distinct need to move experimental capabilities to the next level of detail. For example, nanoparticles with different sizes and shapes have different metalmetal bond lengths, lattice terminations and surface defects and, hence, different catalytic properties. Structural and electronic characterization of three-dimensional geometry by single-nanoparticle spectroscopy (XANES and EXAFS) can obtain precisely this type of information. We note in this regard that current experiments with particles of 100 nm in size allow, in principle, both the chemical state and crystal structure determination by coupling X-ray fluorescence with X-ray diffraction from the same particle (Kang et al., 2013) but the latter method cannot be applied to particles of several nanometers in diameter. Strong particle size effects in structure and catalytic performance are generally observed for particles smaller than 5 nm, which illustrates the challenge ahead (Haruta, 1997; Miller et al., 2006) .
An additional challenge, as we emphasized in the Introduction, is the need to study materials that change in the process of their work and, hence, single-particle spectroscopy at the nanometer level should be performed in operando conditions. That requirement constrains X-ray experiments studying such processes to be performed on samples placed in specially designed operando reactors where temperature, pressure and/or potentiostatic control are enabled. Currently developed reactors and devices are not yet compatible with the small focal distances (of the order of 1 mm) of the nanoprobe, and future work is needed to bridge this instrument gap for studying single particles in situ or operando by nanoprobe methods.
Time-resolved spectroscopy for active site and mechanism determination
There are three fundamental requirements for a catalytic reaction to occur. The first is adsorption of the reactant to the catalyst surface, the second the surface reaction, and the third desorption of the product. All three steps must be completed for a catalytic cycle to occur and repeat itself. The function of the catalyst is to break bonds and to make bonds, which it does by forming strong chemisorbed bonds with reaction intermediates. This strong bonding affects electronic structure and often oxidation state and geometric structure of the catalytically active site. This makes characterization under catalytically relevant conditions essential. Measuring catalysts ex situ, before or after, likely misses the essence of the catalytic reaction. However, the catalytic site in a heterogeneous catalyst constitutes the minority of all atoms. Capturing the structure of exactly these atoms requires measuring in the time domain, for example, in transient conditions or by pumpprobe schemes.
Current state of the art
The principle of measuring active sites under transient conditions is that after switching conditions, such as a sudden change in gas composition or temperature, the catalytically active site changes structure with a different rate as that of the spectator and non-active sites. An early example was performed in the group of T. Oyama in collaboration with M. Haruta, who measured transient XANES at the Ti K-edge to determine the rate of Ti-hydroperoxo formation during the gas-phase epoxidation of propylene with hydrogen and oxygen (Bravo-Suá rez et al., 2008) . The catalyst was a Au-Ba/ Ti-SiO 2 . A pre-edge feature was used to quantify the coverage of the hydroperoxo and the transient conditions enabled measuring their rate of reaction, which had the same order of magnitude as the steady-state rate of propylene epoxidation. This established the hydroperoxo species as unambiguously as a reaction intermediate and illustrated that time-resolved XAS can be used to measure catalytically relevant rates. Although we only discussed their XAS data, complementary data were reported using in situ UV-visible and infrared spectroscopies.
A second example by J. Singh et al. illustrates that subtle changes in the reaction conditions may cause large changes in catalyst structure, paralleled by changes in catalytic performance. In a plug-flow reactor, the platinum structure was determined while it oxidized carbon monoxide. The typical light-off and oscillating behavior of this reaction was observed, during which a rapid increase in rate of reaction occurs when surplus of oxygen is present at the surface of the catalyst (Singh et al., 2008 (Singh et al., , 2010b . The structure of the catalyst was strongly changing with reaction conditions, yielding low and high activities of the catalyst. The structure of the catalyst varied within the same catalyst bed, because of the different local conditions that originate from the catalytic conversion. The surfaces of the nano-sized platinum particles were covered with and poisoned by carbon monoxide generating the low active catalyst. Upon increasing conversion, the oxygen concentration at the catalyst surface increases and a switch to a more reactive surface occurs; via an intermediate state, the more active distorted surface oxide forms. Under oscillating conditions, the relative amounts of species fluctuates accordingly (Fig. 2) . The relative ratio of high-activity new science opportunities and low-activity catalyst within a single reactor determines the overall oxidation rate.
These examples illustrate that, upon changing conditions, the response of the catalyst captures the structure of the changing active site. The time-resolved nature of the measurements is essential to capture these changes. An intrinsic limitation of XAS and XES methods is their quantitative nature: at any absorption edge, all atoms constituting that edge contribute to the spectroscopic signature, which is thus an average of all species. The above-mentioned experiments circumvent this by measuring the change in structure of the active site. However, as the catalytically active site is often only a minority of atoms in the catalyst, sensitivity is an issue. The recently introduced modulation excitation and filtering the corresponding spectra with the excitation frequency has increased the sensitivity to the differences in the spectra (Ferri et al., 2010 (Ferri et al., , 2011 (Ferri et al., , 2013 thus promising to capture the structure of the active site selectively (Ferri et al., 2011; Konig et al., 2012) . Intermediate species can be detected by a phase delay of the structural difference.
Pump-probe measurements are able to capture structural variation at the micro-, nano-, pico-and even femtosecond time scales (Bressler & Chergui, 2004) . Most of the examples in the literature relate to photocatalytic processes during which a flash of light induces electron excitation after which a structure change occurs that is detected in the ultrafast time domain. An illustrative example is that of Chergui et al. (Bressler et al., 2009) who measured the ultrafast formation of the lowest quintet state of aqueous iron(II) tris(bipyridine) upon excitation of the singlet metal-to-ligand charge-transfer (1MLCT) state by femtosecond optical-pump-X-ray-probe (Lima et al., 2011) . By recording the intensity of the characteristic XANES feature as a function of laser-pump-X-rayprobe time delay, the population of the quintet state occurred in about 150 fs. These results resolved the long-standing issue about the population mechanism of quintet states in iron(II)based complexes: a simple 1MLCT ! 3MLCT ! 5T cascade from the initially excited state occurs. The time scale of the 3MLCT ! 5T relaxation corresponds to the period of the iron-nitrogen stretch vibration.
Many macro-and micro-kinetic chemical processes that occur during photocatalysis are slower, and measuring with less-demanding time resolution is sufficient. Efficient watersplitting catalysts are essential to convert solar energy into chemicals, initially hydrogen and oxygen. Their functioning must be improved and large efforts are given to understanding the processes that occur during and directly after light excitation. Smolentsev et al. developed a detection scheme to determine the structure of cobalt reaction intermediates of a hydrogen formation catalytic system consisting of multicomponents Co(dmgBF 2 ) 2 catalyst (dmg 2À = dimethylglyoximato dianion), [Ru(bpy) 3 ] 2+ chromophore (bpy = 2,2 0bipyridine) and methyl viologen as the electron relay. In the microsecond time domain a Co(I) intermediate was identified with the aid of theoretical spectral simulation. The change in oxidation state was paralleled by local structural variation (Smolentsev et al., 2014) . Understanding the reaction mechanism helps the design of better and more stable catalysts.
Molecular structure and electronic change is accessible at the micro-, nano-, pico-and even femtosecond time scale in pump-probe schemes, making them highly attractive for measuring individual reaction steps. These experiments are photon-hungry and most examples to date are performed in a liquid jet, because of the continuous refreshing of sample. Significant challenges and opportunities lie ahead to measure single particles in a pump-probe scheme.
New opportunities at the diffraction-limited storage ring sources
Measuring at the micro/macro-kinetic time scale enables spectator species to be distinguished from those that actively participate in a reaction. The measurements in the ultrafast time domain will unravel individual and fundamental reaction steps. These emerging and rapidly developing tools hold the promise to, for the first time, disentangle not only the structure Oscillations in the white-line intensity were observed during fluctuating rates of carbon monoxide oxidation (a) . Higher intensity indicates a larger fraction of distorted surface oxide relative to the low-activity carbon-monoxide-poisoned state. The relative amounts of catalyst with surface oxide (high rate) and catalyst poisoned with carbon monoxide (low rate) determine the overall rate of reaction (b). The amounts change over time and as function of position within the reactor. [From Singh et al. (2010b) . Copyright: ChemCatChem, 2010.] of the active site but also the structural changes that the site undergoes during the catalytic cycle, thus contribute to unravelling the reaction mechanism. These complex measurements and establishing structure-performance relationships are greatly helped by the ability to measure single particles, thus removing the inherent complexity of heterogeneity and measuring a structure ensemble. Despite the large progress in the ability to control structure at the molecular level, monodispersion of active site structure and composition has not been achieved for heterogeneous catalysts. Timeresolved structural changes of individual particles and sites must be related to the micro/macro-kinetic parameters of the catalytic reaction to ensure relevance of the spectroscopic measurement.
Nanometer-size beams produced by the DLSR source will carry the same flux as the beams used at existing synchrotrons. A coherent flux produced by a DLSR on a square nanometer on the sample will be comparable with the flux on a square micrometer in many existing third-generation sources. Hence, X-ray spectroscopy experiments with single nanoparticles can be envisioned (Fig. 3) . In such hypothetical experiments, XANES and EXAFS data will provide information about the local coordination environment of different types of atoms in a particle (on the surface, near support or in the core) as well as the overall structure, size and shape of individual particles (Fig. 3a) . Complementary X-ray emission, HERFD and HEROS data will provide the details of the particle-adsorbate and particle-support interactions (Safonova et al., 2006; Glatzel et al., 2010; Szlachetko et al., 2012; Frenkel et al., 2013b) . RIXS experiments with individual nanoparticles, described by T. Schmitt et al. in this issue (Schmitt et al., 2014) , will complement XANES and EXAFS by providing information about local chemistry of the particle-adsorbatesupport interaction (Small et al., 2014) or real time changes in the oxidation state of the catalyst through the measurement of the electronic structure of the individual catalysts during the catalytic reaction. Methods that are based on single-shot detection, thus using monochromatic X-rays and detecting X-ray emission in a single shot, are attractive as the X-ray beam is not affected by any moving optical component thus simplifying the measurement scheme.
Conclusions
As experimental infrastructure in catalysis science becomes more advanced and now features such innovations as combining multiple techniques in a single experiment, as well as operando research methods, the common limitation of most such methods due to the heterogeneity of model and real catalysts will continue to hamper the progress in understanding catalytic mechanisms at the atomistic level. In this article we outlined several new opportunities for catalysis science at diffraction-limited storage ring sources that will help better understand the details of catalytically active sites due to the high flux carried by nanometer beams. We emphasized advanced spectroscopy applications (such as HEROS) that can be used with equal facility to study either steady-state or time-resolved (including ultrafast) chemical transformations. In the space domain, we envision that the DLSR sources will enable studies of catalytic processes at the single-nanoparticle level by XANES, EXAFS and RIXS methods.
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